1. Introduction: A Decade-old Cytokine {#s0005}
======================================

In 2005, Schmitz et al. identified interleukin-33 (IL-33), a 30 kDa nuclear cytokine that belongs to the IL-1 family ([@bb0325]) and that acts as an "alarmin" in response to the cellular damage induced by stress or by infection ([@bb0075], [@bb0240]). IL-33 is constitutively expressed within the nucleus of endothelial and of epithelial cells, particularly in tissue barrier sites and in fibroblastic reticular cells of the lymph nodes and of the spleen, in which this cytokine contributes to the maintenance of mechanical barriers ([@bb0240], [@bb0190], [@bb0325], [@bb0270], [@bb0075]). Furthermore, IL-33, which is released by damaged endothelial and epithelial cells at barrier sites, functions as a damage-associated molecular pattern (DAMP) to trigger activated T-cells, either indirectly through proinflammatory cytokine production by innate immune system cells, or directly in a TCR-independent manner by binding to pattern recognition receptors (PRRs) on T-cells, as recently reviewed ([@bb0270]). T-cells can also directly respond to IL-33 *via* its cognate suppressor of tumorigenicity 2 (ST2) receptor ([@bb0345], [@bb0270]). IL-33 mainly targets mast cells, basophils, dendritic cells (DCs), macrophages, natural killer (NK) cells, group 2 innate lymphoid cells (ILC2) and T helper 2 (Th2) cells, all of which express ST2 ([@bb0135], [@bb0190], [@bb0210]). The ST2 receptor to which the biologically active form of IL-33 binds is a complex consisting of the full-length, transmembrane isoform of ST2 (ST2L), in association with the IL-1 receptor accessory protein (IL-1rap); this receptor complex is expressed at barrier sites and also on certain peripheral blood mononuclear cells including the mast cells, NK cells and Th2 cells ([@bb0190], [@bb0225]). Conversely, the extracellular IL-33 that is released following cell damage is cleaved in a caspase-dependent and -independent manner, and also undergoes extracellular cysteine oxidation, all of which reduce the efficacy and half-life of IL-33. However, some isoforms of full length extracellular IL-33 and spliced variants of mature IL-33 still possess biological activity ([@bb0380], [@bb0075], [@bb0070]). Moreover, the activity of extracellular IL-33 is controlled by its binding to the soluble form of ST2 (sST2), which serves as a decoy receptor to locally limit 'off target' IL-33 activity, thus avoiding inappropriate inflammatory responses ([@bb0140]) [Fig. 1](#f0005){ref-type="fig"}**.**

IL-33 was originally found to play a role in innate immunity and in the Th2 response involved in tissue repair following allergic reactions and helminthic infections ([@bb0185]). It is now known that IL-33 is also a crucial costimulator in the adaptive immune response, amplifying the responses of antiviral cytotoxic T lymphocytes (CTLs); IL-33 thus acts as an adjuvant ([@bb0375]). Furthermore, Schiering et al. have shown that in mice, ST2 is preferentially expressed on colonic Treg cells, thereby allowing IL-33 to promote Treg function by inducing transforming growth factor (TGF)-β1-mediated differentiation of these cells in an inflammatory environment ([@bb0320]).

More recently, IL-33 was shown to enhance the differentiation programs of diverse T-cell subsets including Th1, Th2, and Treg cells *via* the induction of their respective master regulator transcription factors T-bet, GATA-3 and Foxp3, in addition to inducing their specific signal transducer and activator of transcription (STAT) proteins ([@bb0270]). Furthermore, IL-33 was reported to amplify the inflammatory effects of differentiated Th1 and Th2 cell cultures in conjunction with IL-18, another IL-1 family member ([@bb0055], [@bb0310]).

In contrast to its constitutive expression on ILC2, Treg and Th2 cells, ST2 expression on Th1 cells is transient and contributes to virus-specific CD4 T-cell expansion, Th1 effector differentiation, and antiviral cytokine production ([@bb0225], [@bb0325]). Baumann et al. have shown that ST2 is induced on Th1 effector cells upon differentiation both *in vitro* and *in vivo* following lymphocytic choriomeningitis virus (LCMV) infection ([@bb0045]). In Th1 cells, STAT4 and T-bet cooperate to drive ST2 expression. The absence of ST2 on CD4 T-cells impairs Th1 cell activation during viral infection and results in decreased expansion, impaired effector function, and reduced T-cell--mediated immunopathology.

Molofsky et al. recently delineated the dynamic role of the IL-33/ST2 axis during microbial invasion with respect to the loss of epithelial integrity at damaged barrier sites ([@bb0230]). Following an acute infection causing tissue injury, IL-33 synergized with other epithelial cytokines and chemokines to induce remodeling and to promote tissue homeostasis and repair. However, during chronic infection, a "conversion phase" occurs during which a massive release of IL-33 overwhelms the local regulation mediated by sST2, leading to an inflammatory response that in turn promotes NK, Th1 and cytotoxic CD8 T-cell responses ([@bb0060], [@bb0225], [@bb0230], [@bb0065]). Over time, this persistent inflammation during chronic infection induces tissue damage and fibrosis ([@bb0165]).

The IL-33/ST2 axis has been reported to play a role in an increasing number of conditions associated with either tissue necrosis, as in the case of cardiac insufficiency and atherosclerosis ([@bb0215], [@bb0210]), or with breached barriers as in the case of asthma ([@bb0165], [@bb0305]), graft *vs.* host disease (GVHD) ([@bb0285], [@bb0365]), biliary cirrhosis ([@bb0390], [@bb0355]), ulcerative colitis (UC) and Crohn\'s disease (CD) ([@bb0265]). A role for the IL-33/ST2 axis has also been reported in autoimmune diseases such as systemic lupus erythematosus (SLE) ([@bb0170]) and rheumatoid arthritis (RA) ([@bb0360]), and in different allergic conditions ([@bb0075], [@bb0105], [@bb0250], [@bb0305]). Plasma levels of sST2, which are an indirect measure of IL-33 activity, have been used to predict disease outcome and/or to monitor treatment response in a number of conditions including cardiac insufficiency and colitis ([@bb0025]). More recently, the IL-33/ST2 axis was implicated in septic shock ([@bb0010]), and in infections with Dengue virus ([@bb0050]), *Toxoplasma gondii* ([@bb0130]), and *Pseudomonas aeruginosa* ([@bb0110]).

Collectively, these lines of evidence suggest that the IL-33/ST2 axis plays a key role in inducing tissue repair when barriers are breached, by alarming and enhancing immune responses in diverse conditions including cardiac insufficiency, autoimmune conditions, colitis, and infections.

The molecular and cellular roles of the IL-33/ST2 axis in animal and in human health and disease have been recently reviewed ([@bb0135], [@bb0075], [@bb0290], [@bb0270]). Herein, we highlight the dynamic role of the IL-33/ST2 axis in the innate and adaptive immune responses that occur during acute and chronic infections, with a focus on HIV, hepatitis B and C viruses (HBV and HCV) and cytomegalovirus (CMV). We also discuss the IL-33/ST2 axis as a potential therapeutic target.

2. HIV Infection and the IL-33/ST2 response: Sounding the Alarm {#s0010}
===============================================================

Given that IL-33 is rapidly released from damaged cells following tissue damage, necrosis and activation of the inflammasome ([@bb0190]), it has been suggested that IL-33 may play a role in the pathogenesis of HIV infection ([@bb0040]). In 2011, Miyagaki et al. were the first to report elevated sST2 levels in HIV-infected patients and in uninfected patients with skin barrier damage due to atopic dermatitis, compared to healthy controls ([@bb0220]). Additionally, they observed reduced plasma levels of IL-33 in HIV-infected patients independently of the severity of their infection, in contrast to patients with atopic dermatitis. However, the dysregulated plasma levels of sST2 and of IL-33 did not correlate with age, eosinophil count or with other clinical parameters, which could be due to the small sample size of the study. In contrast, Secemsky et al. reported that 332 long-term antiretroviral therapy (ART)-treated HIV-infected patients had similar sST2 levels compared to age- and sex-matched controls ([@bb0330]). The aim of this study was to assess and to compare plasma sST2 levels with novel cardiovascular disease biomarkers such as growth differentiation factor 15 (GDF-15) and troponin I, in addition to established biomarkers such as C-reactive protein (CRP), D-dimer, IL-6 and cystatin C ([Table 1](#t0005){ref-type="table"}). Despite non-elevated ST2 mean levels, sST2 and GDF-15 were predictors of cardiac insufficiency and of all-cause mortality in ART-treated patients, consistent with previous reports of uninfected individuals ([@bb0080]). Furthermore, Fitch et al. recently reported elevated ST2 levels as a marker of myocardial fibrosis in asymptomatic HIV-infected patients ([@bb0085]). However, it should be noted that in both of these studiess of treated, HIV-infected individuals, single cross-sectional assessments of each biomarker were made.

HIV-associated gut barrier dysfunction and immune activation, which have been observed to occur early in infection, represent independent predictors of morbidity and mortality ([@bb0280], [@bb0115]). The initiation of ART during chronic infection can reduce, but not normalize, barrier dysfunction and immune activation ([@bb0015], [@bb0115]). We and others have reported that when ART is initiated immediately following HIV infection, plasma levels of gut damage markers remain elevated, in contrast to markers of cellular activation and of inflammation, which decrease significantly ([@bb0125], [@bb0015]). Our prospective analysis failed to detect a significant reduction in sST2 levels in patients initiating ART during the early phase of HIV infection, while long-term treatment initiated during the chronic phase normalized sST2 levels ([@bb0205]). Importantly, we determined the alarmin contribution of the IL-33/ST2 axis to the immune response by reporting a correlation of elevated sST2 levels with the CD8 T-cell count and with T-cell activation in the absence of a correlation with the plasma viral load. Thus, the immune response following acute infection characterized by increased numbers of CD8 T-cells and increased activation of these cells was associated with elevated sST2 levels, in response to 'the alarm'. The elevated sST2 levels correlated with indoleamine 2,3-dioxygenase enzyme activity and IFN-γ levels, both of which are implicated in Th1/Th2 regulation. Our findings in HIV-infected individuals support those reported by Baumann et al. of a murine lymphocytic choriomeningitis virus (LMCV) model in which IL-33 induced and enhanced Th-1 responses ([@bb0045]). Furthermore, during acute HIV infection, sST2 levels correlated with the levels of intestinal fatty acid binding protein (I-FABP) and of sCD14, markers of gut epithelial damage and of microbial translocation, respectively. These observations establish a link between sST2 and gut tissue damage. Interestingly, these associations were lost during chronic HIV infection, suggesting a phase-dependent and transient role for the IL-33/ST2 axis in disease progression ([Fig. 2](#f0010){ref-type="fig"}). Moreover, IL-33, in conjunction with long-term TGF-β stimulation, has been shown to be associated with the development of fibrosis in a murine model of bleomycin-induced fibrosis ([@bb0165]). Gao et al. recently showed that in a murine model of diet-induced nonalcoholic steatohepatitis, IL-33 treatment prevented steatosis, while inducing fibrosis, in a ST2-dependent manner ([@bb0095]). Furthermore, in patients with either chronic obstructive pulmonary disease or with idiopathic pulmonary fibrosis, IL-33 is involved in the induction of lung fibrosis in bronchial epithelial cells *via* the induction of IL-6 and IL-8 ([@bb0340]). It is well established that during the chronic phase of HIV infection, collagen deposition in lymphoid tissues including Peyer\'s patches in the gut disrupts the T-cell zone and limits the number of resident CD4 T-cells ([@bb0315]). The development of fibrosis is an important issue given that the level of lymphatic tissue collagen deposition foretells the magnitude of CD4 T-cell recovery following ART initiation. Thus, after sounding the alarm, the IL-33/ST2 axis may contribute to the development of fibrosis during the chronic phase of HIV infection ([Fig. 2](#f0010){ref-type="fig"}).

Collectively, these findings suggest a role for ST2 in HIV pathogenesis; this process is probably driven by HIV-induced damage to gut epithelial cells during the early, asymptomatic phase of infection. These findings also suggest that ST2 might be used as a surrogate marker of Th1 cell activation. More research is needed to confirm a direct link between the IL-33/ST2 axis and Th1/Th2/Th17 alterations in the gut, and with the Th1 response *ex vivo,* in HIV infection, as observed in the murine LCMV model ([@bb0180]).

Upregulation of the IL-33/ST2 axis in the central nervous system (CNS) has also been reported to be associated with neurocognitive changes in HIV infection ([@bb0405]). Specifically, IL-33 overexpression was associated with decreased synaptic function, increased apoptosis, and neuroinflammation in HIV-1 clade B infected CNS cell cultures. These results further support a role for dysregulation of the IL-33/ST2 axis in HIV infection.

IL-33 and IL-18, another member of the IL-1 family, are both processed by the inflammasome ([@bb0275]). Inflammasomes, the signaling platforms that detect pathogenic microorganisms and sterile stressors, are activated *via* protease caspase-1, IL-1β and IL-18 (two pro-inflammatory cytokines), and to a lesser extent, *via* IL-33 ([@bb0155]). Importantly, HIV-1 infection and inflammasome assembly are at play since many pathogen-associated molecular patterns (PAMPs) are derived from the virus\' envelope, capsid, RNA, and reverse-transcribed DNA. The PAMPs and DAMPs produced by the destruction of infected CD4 T-cells and of damaged gut epithelial cells activate several pattern recognition receptors (PRRs) that include toll like receptors (TLRs), C-type lectin-like receptors (CLRs), RIG-like receptors (RLRs) and node-like receptors (NLRs), all of which contribute to the activation of transcription factors, such as NF-kB, that induce the expression of type-1 interferons, pro-inflammatory cytokines such as IL-1β and IL-18, and chemokines. HIV also activates different NLRs which results in the assembly of an inflammasome, the activation of caspase-1, and in the processing and release of IL-1 family cytokines ([@bb0310]).

The contribution of the inflammasome to early SIV pathogenesis have been recently identified in necropsy studies of rhesus monkeys; these studies revealed that components of the inflammasome were triggered by SIV both at the site of inoculation and at early sites of distal virus spread as soon as 24 h post-infection ([@bb0040]). We and others have previously shown increased levels, compared to healthy controls, of serum IL-18 in HIV-infected individuals; these levels were inversely correlated with the numbers of various NK cell subsets ([@bb0005], [@bb0120]); these cells express ST2 and are also targets of IL-33. A recent study of a murine model of CMV infection showed that NK cell expansion was mediated by ST2, with beneficial anti-viral effects ([@bb0245]). Thus, the individual and potential synergistic effects of IL-18 and of IL-33 at tissue barrier sites and in the blood warrant further investigation.

3. The IL-33/ST2 Axis in Viral Hepatitis: Creating Damage by Inducing Liver Fibrosis {#s0015}
====================================================================================

Imbalances in the Th1/Th2 response were first implicated in the pathogenesis of hepatic failure induced by acetaminophen, mushroom intoxication, alcohol and viral hepatitis ([@bb0200]). The IL-33/ST2 axis was shown to be upregulated in all of these cases of hepatic failure.

Furthermore, adenovirus-induced hepatitis in mice, which caused increased hepatic expression of IL-33 and of ST2, was associated with attenuated liver injury, with an increase in Tregs, and with a decrease in macrophage, DC, and NK cell tissue infiltration ([@bb0175]). The same group recently showed in a murine LCMV infection model that IL-33 deficiency resulted in a marked reduction in the number of IFN-γ + γδ T and NK cells, and in an increased number of Th17 + γδ T-cells, 16 h post-infection ([@bb0180]). These changes were reversed by treatment with recombinant IL-33, which induced DC proliferation and cytokine production.

Recent studies have explored the contribution of the IL-33/ST2 axis to the pathology caused by HBV and HCV ([@bb0160], [@bb0175], [@bb0395], [@bb0295], [@bb0090]) (Table-1). Roth et al. first reported significantly elevated sST2 serum concentrations in patients with hepatic insufficiency due to various infectious and non-infectious causes ([@bb0295]). Significant sST2 upregulation was found in patients with acute liver failure or with acute-on-chronic liver failure, compared to patients with chronic hepatic failure (CHF) and to healthy controls. sST2 levels in CHF were also significantly higher than in controls. The investigators also reported correlations between IL-33, sST2 and alanine aminotransferase (ALT) serum levels in acute and in chronic liver failure. These results suggest that the IL-33/ST2 axis is a modulator of immune activation/inflammation in liver failure, and that this axis could be used to differentiate different disease stages.

Wang et al. reported higher IL-33 serum levels in patients with chronic HBV infections compared to healthy controls; these levels decreased in response to a 12-week treatment with the *anti*-viral adefovir dipivoxil ([@bb0395]). Interestingly, serum sST2 levels remained elevated in the chronically infected HBV patients who did not respond to therapy, and these levels did not correlate with plasma IL-33 levels. These results suggest that sST2 is an early marker of acute liver failure, while elevation of IL-33 is linked to the development and to the progression of liver fibrosis. The same group also reported higher IL-33 levels in patients with chronic HCV infection compared to patients who spontaneously cleared infection or to healthy controls. They also showed that serum IL-33 levels correlated with serum aspartate transaminase (AST) levels in chronically infected HCV patients ([@bb0400]). Furthermore, the IL-33 level decreased after 12 weeks of interferon treatment; this observation is consistent with the decreased levels of IL-33 observed in adefovir dipivoxil-treated patients with chronic HBV infection ([@bb0395]). Finally, the elevated levels of sST2 observed in the studies of HCV and of HBV patients did not correlate with IL-33 levels, nor did the sST2 levels decrease with treatment. These findings suggest that IL-33 and ST2 contribute to the hepatic damage caused by HBV and HCV infections. Gut epithelial damage with microbial translocation also appears to play a role in inducing the hepatic damage that occurs in HBV and HCV infections.

Lei et al. showed higher sST2 levels with no difference in IL-33 levels, in HBV patients with acute-on-chronic liver failure, compared to controls and to patients with chronic HBV infection ([@bb0160]). These increased sST2 levels correlated with disease severity and predicted poor survival. At the cellular level, Marvie et al. showed an association between IL-33 and ST2 overexpression in the liver and in the development of hepatic fibrosis due to chronic infections with HBV or HCV, and due to alcoholic hepatitis ([@bb0195]). This study also revealed that hepatic stellate cells and sinusoidal endothelial cells are the main sources of IL-33 during the development of liver fibrosis in both mice and humans.

Collectively, these various lines of evidence suggest an important role for the IL-33/ST2 axis in the development of fibrosis in chronic infectious hepatitis. Large-scale prospective studies are required to assess the validity of the IL-33/ST2 axis as a predictor of disease progression, fibrosis and survival compared to other, currently used markers such as the AST-to-platelet ratio index, the fibrosis-4 (FIB-4) score, and more expensive, non-invasive tests, such as elastography and the FibroTest ([@bb0350]).

4. The Contribution of the IL-33/ST2 Axis to Herpes Infections {#s0020}
==============================================================

IL-33 expression is induced in DCs, monocytes/macrophages and mast cells in response to inflammation ([@bb0035]). Aoki et al. recently showed in a murine model that mast cell stimulation of herpes simplex virus 2 (HSV2)-infected keratinocytes induced increased IL-33 production ([@bb0030]). They further showed that blocking ST2 on bone marrow-derived mast cells significantly inhibited their ability to produce TNF-α and IL-6. Interestingly, Oh et al. have shown in a murine model of mucosal HSV2 infection that the dysbiosis caused by oral antibiotic treatment directly impaired antiviral immune response, thus leading to defective immune protection ([@bb0255]). They also showed that after the depletion of commensal local microbiota, IL-33 secretion from vaginal epithelium inhibited effector T-cell migration to vaginal tissue and blocked the local production of IFN-γ. These findings indicate that antiviral defense mechanisms are regulated in part by IL-33 *via* microbial dysbiosis, which may be relevant for the development of HSV2 prophylactic strategies.

Cytomegalovirus (CMV), another member of herpesviradae family, causes latent infection in humans ([@bb0100]). The signaling role of the IL-33/ST2 axis in the NK cell response during CMV infection in mice was reported by Nabekura et al. They showed in a murine model of MCMV infection that ST2-deficient Ly49H + NK cells were impaired in their ability to drive MCMV-specific expansion of naïve cells into memory cells. Furthermore, when re-challenged with MCMV, IL-18R signaling was required for the secondary expansion of memory Ly49H + NK cells. These findings suggest that IL-33 is released by damaged cells in the early phase of MCMV infection and that ST2 signaling transiently enhances MyD88 signaling to augment the proliferation of naive and memory Ly49H + NK cells ([@bb0245]).

5. The Combined Effect of HIV and Co-infections on the IL-33/ST2 Axis {#s0025}
=====================================================================

To date, studies assessing the effects of various viruses on the IL-33/ST2 axis have involved mono-infected animals or humans, as discussed above. It is expected that in the case of co-infections, viruses will synergize to enhance the IL-33 response. Studies involving co-infected animals and humans will be required to test this hypothesis.

6. The Therapeutic Potential of the IL-33/ST2 Axis {#s0030}
==================================================

There have been increasing efforts to develop a vaccine and a cure for HIV infection ([@bb0300]). Knowing the critical role played by the T-cell response in host defense, these strategies mainly focus on inducing effective Th1 and cytotoxic CD8 T-cell responses, although strategies that induce beneficial antibody responses are also being investigated. The use of molecules acting as DAMPs, including IL-33, as vaccine adjuvants that enhance Th1 potency has gained considerable attention in recent years ([@bb0380], [@bb0385], [@bb0370]). Unlike other peptide-adjuvant conjugates that directly activate antigen presenting cells (APCs) through pattern recognition pathways, an IL-33-boosted vaccine was shown to activate NKT-cells *via* several mechanisms, resulting in an indirect enhancement of APC function in a murine model of allergic airway inflammation ([@bb0020]).

A few animal studies have been conducted in which IL-33 was tested as an adjuvant in vaccines against various pathogens. An intranasal vaccine containing recombinant influenza virus hemagglutinin and IL-33 induced elevated, influenza-specific plasma IgG levels, mucosal influenza-specific IgA, and increased expression of both Th1 and Th2--related cytokines, all of which led to the protection of the challenged mice that received this vaccine; in contrast, control mice whose vaccines did not contain IL-33 adjuvant were not protected ([@bb0145]). In a murine LCMV model, Villarreal et al. reported an increase in the magnitude and in the function of antigen-specific CD8 T-cells upon immunization with a DNA vaccine coadministered with IL-33 ([@bb0375]). Antigenic re-stimulation led to the expansion of these polyfunctional cytotoxic cells *in vivo,* which conferred efficient protection against a lethal dose of LCMV. The IL-33 adjuvant also enhanced potent HIV-specific responses in a vaccine setting. Moreover, IL-33 co-administration led to increased numbers of effector CD8 T-cells compared to the administration of vaccine alone.

A few animal studies have also shown the benefits of IL-33 in different models of infection. For example, Bonilla et al. showed in a murine model of LCMV infection that the IL-33 released by necrotic cells enhanced the activation and the clonal expansion of ST2 + CD8 + T lymphocytes, resulting in a LCMV-specific cytotoxic response ([@bb0060]). Other investigators used recombinant IL-33 in a murine influenza model to reduce lung impairment ([@bb0235]), while in a murine coxsackie B virus model of experimental pancreatitis, IL-33 induced the production of IFN-γ and TNF-α by CD8 + T and by NK cells, resulting in viral clearance ([@bb0335]).

We have shown that in early HIV infection, sST2 levels are elevated ([@bb0205]). These sST2 levels correlated with the CD8 T-cell count, with immune activation and with microbial translocation, suggesting that sST2 is a marker of gut damage and of disease progression. Interestingly, no such associations were observed in patients with chronic HIV infection. As the roles of IL-33 and ST2 in viral infections are phase-dependent, therapeutic strategies need to be rationally designed according to each phase. Therefore, blockade of sST2 should be of therapeutic value during the acute phase, while blockade of IL-33 should be considered for the chronic phase ([@bb0260]) when fibrosis develops in lymphoid tissues or in the liver. Further studies of the regulation of the intracellular and cytoplasmic expression of IL-33 during tissue damage in the gut will be required in order to develop therapeutic interventions, with a focus on epithelial cells, ILC2 and other cells that express the ST2 receptor.

7. Future Directions {#s0035}
====================

The mechanisms linking IL-33-mediated T-cell proliferation and/or survival to cytokine production will benefit from further *in vivo* studies. The interaction of IL-33 with other IL-1 family members, such as IL-18, needs to be thoroughly investigated to identify potential synergistic effects that may further contribute to an adjuvant effect. Follicular helper T-cells (Tfh cells) are an important subset of T-cells that are involved in the formation and in the maintenance of germinal centers of secondary lymphoid organs where B cells mature and produce antibodies ([@bb0150]); it remains unknown whether ST2 is expressed on Tfh cells. The expression of ST2 on Tfh cells could have important implications for vaccination by potentially contributing to the maturation of the antibody response by neighboring B cells, a process that requires CD4 T cell help.

A better understanding of the regulation of the transcription factors currently known to control ST2 expression, such as T-bet, GATA-3 and STATs, and of CTL-regulating transcription factors, will also be critical for the design of novel immunotherapies that target the IL-33/ST2 axis. The identification of other sources of sST2 beyond ILC2s, Th2 and Tregs, which may explain the dynamics of the IL-33/ST2 axis in various conditions, will also be required.

8. Concluding Remarks {#s0040}
=====================

Data from animal models and from a limited but increasing number of human studies have shed considerable light on the involvement of the IL-33/ST2 axis in various inflammatory conditions and in the pathogenesis of diseases including acute and chronic viral infections. The protective and destructive functions of this axis may eventually allow for the development of axis-specific therapies that vary according to the type, phase and/or location of the infection. Translational studies involving blood and damaged tissues will be required to further elucidate the roles of the IL-33/ST2 axis in infection and in immunity so that novel immunotherapeutic approaches can be designed to reduce inflammation and to contribute to vaccine and cure strategies for the various diseases to which this axis contributes.
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![Schematic representation of the induction of the IL-33/ST2 axis and its role in innate and adaptive immune responses.\
Intracellular IL-33 is released by apoptotic and necrotic epithelial cells and can undergo cleavage/splicing by enzymes secreted by mast cells and by neutrophils to generate the active form of IL-33. ST2 expressing cells are targeted by IL-33 to induce inflammatory and tissue healing effects. The induction of ST2 expression by CD4 and CD8 T-cells results in their expansion and survival. An array of cytokines is implicated in the functions of the IL-33/ST2 axis. Abbreviations: MΦ: macrophage; DC: dendritic cell; ILC2: group 2 innate lymphoid cells; Ag: antigen; IL-33: interleukin-33; ST2: suppressor of tumorigenicity2; sST2: soluble ST2; Treg: regulatory T-cell.](gr1){#f0005}

![IL-33/ST2 axis plays a dual role in gut epithelial homeostasis and immune activation during chronic viral infections. This figure depicts HIV infection as a model of acute and chronic phases of infection.\
A: During acute HIV infection, PAMPs and epithelial gut damage lead to the release of IL-33 which acts as a DAMP to alert the immune system. Expression of IL-33 receptor ST2 is increased on a number of lamina propria immune cells. Such immune activation contributes to the imbalance in Th1/Th2/Treg ratios. Soluble ST2 is released into the peripheral blood, which correlates with the markers of gut damage and of immune activation.\
B: During chronic HIV infection, epithelial gut damage extends with persistent IL-33 secretion and immune activation. IL-33 and TGF-β contribute to the tissue fibrosis. CD4 T-cells gradually decrease in the periphery and the plasma sST2 levels decline in comparison to the acute phase.\
Abbreviations: PAMPs = pathogen associated molecular patterns; DAMP = damage associated molecular pattern; MΦ = macrophage; DC = dendritic cell; ILC2 = group 2 innate lymphoid cells; IL-33 = interleukin-33; ST2 = suppressor of tumorigenicity2; NK = natural killer cell; Th1 = T helper cell type 1; Th2 = T helper cell type 2; Treg: regulatory T-cell.](gr2){#f0010}

###### 

Studies assessing IL-33/ST2 dysregulation in the context of human infection with HIV, HBV and HCV.

Table 1

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Ref.        Infection   Tissue/organ/methods                                 Sample size (n)                                        Principal findings on IL-33/ST2 axis                                                                                            Correlations/associations with IL-33/ST2 axis                                                                                                                                                                                                    Comments
  ----------- ----------- ---------------------------------------------------- ------------------------------------------------------ ------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ --------------------------------------------------------------------------------------------
  [@bb0220]   HIV         Serum\                                               26 → HIV;\                                             sST2 levels increased but IL-33 levels decreased in HIV patients.                                                               No correlation of sST2 or IL-33 with age, eosinophil count or other clinical measurements.                                                                                                                                                       First report of IL-33/ST2 in HIV infection
                          ELISA                                                28 → AD;\                                                                                                                                                                                                                                                                                                                                                                                                                               
                                                                               21 → C                                                                                                                                                                                                                                                                                                                                                                                                                                  

  [@bb0405]   HIV         Cell culture and *in vitro* infection ELISA qPCR,\   3 independent experiments                              HIV-1 clade B causes increases in IL-33/ST2L expression                                                                         IL-33/ST2 expression led to increased expression of inflammatory genes and apoptosis in neuronal cells.                                                                                                                                          No such associations with HIV-1 clade C infection.
                          WB caspase assay                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

  [@bb0330]   HIV         Serum biomarkers and ECG and mortality data          332 → HIV\                                             ST2 and GDF-15 independently predicted cardiovascular dysfunction and all-cause mortality.                                      ST2 was the only factor predictive of diastolic dysfunction.                                                                                                                                                                                     ST2 was not elevated in chronic HIV infected patients.
                                                                               50 → C                                                                                                                                                                                                                                                                                                                                                                                                                                  

  [@bb0205]   HIV         Plasma and PBMCs ELISA FC qPCR                       153 → HIV (48 EHI, 61 CHI, 23 CHI-ART, 21 EC) 20 → C   sST2 plasma levels were elevated in early HIV infection independent of age, sex, BMI, creatinine, cholesterol and CRP levels.   sST2 correlated with markers of gut damage, microbial translocation and immune activation.                                                                                                                                                       No such associations were found in chronic HIV infection. IL-33 levels were not modulated.

  [@bb0195]   HBV/HCV     Human liver biopsies, mice liver fibrosis model,\    34 → HCC\                                              IL-33 and ST2 mRNA levels increased in fibrotic liver in humans and mice                                                        IL-33 correlated with ST2.\                                                                                                                                                                                                                      IL-33/ST2 levels in HCC were similar to controls.
                          qPCR, cell culture, ELISA, WB, IHC                   6 → C                                                                                                                                                                                  IL-33 correlated with collagen synthesis in liver.\                                                                                                                                                                                              
                                                                                                                                                                                                                                                                      Endothelial and stellate cells were the major sources of IL-33.\                                                                                                                                                                                 
                                                                                                                                                                                                                                                                      T-cell expressed ST2.                                                                                                                                                                                                                            

  [@bb0395]   HBV         Serum and *in vitro* infection assays, ELISA, CBA    33 → CHB 20 → C                                        IL-33 and sST2 serum levels increased in CHB at the baseline.                                                                   IL-33 levels did not correlate with AST and ALT.\                                                                                                                                                                                                IL-33 levels decreased with 12 weeks of adefovir dipivoxil therapy
                                                                                                                                                                                                                                                                      IL-33 was associated with viral DNA inhibition *in vitro*.\                                                                                                                                                                                      
                                                                                                                                                                                                                                                                      No correlation between sST2 and IL-33 levels.                                                                                                                                                                                                    

  [@bb0160]   HBV         Serum, liver biopsies, ELISA, IHC                    48 → ACLF 12 → CHB 16 → C                              sST2 but not IL-33 was increased in HBV-ACLF                                                                                    sST2 levels did not correlate with IL-33, TNF-α, IFN-γ and IL-10.                                                                                                                                                                                sST2 levels predicted disease severity and mortality

  [@bb0090]   HBV         Serum ELISA                                          60 → ACLF-HBV 58 → CHB 30 → C                          IL-33 and ST2 serum levels were elevated in patients with HBV associated ACLF.                                                  In ACLF-HBV, IL-33 levels significantly correlated with ALT levels, while sST2 levels significantly correlated with total bilirubin, HBV viral load and model for end-stage liver diseases. Elevated sST2 levels also predicted poor survival.   In all participants, serum IL-33 was significantly correlated with sST2.

  [@bb0400]   HCV         Serum ELISA, CBA                                     154 → CHC 24 → SR-HCV 20 → C                           IL-33 and sST2 serum levels increased in CHC                                                                                    IL-33 levels correlated with AST and ALT in CHC\                                                                                                                                                                                                 IL-33 levels decreased with 12 weeks of IFN therapy
                                                                                                                                                                                                                                                                      No correlation between sST2 and IL-33 levels                                                                                                                                                                                                     
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Abbreviations: HIV = Human immunodeficiency virus; HBV = hepatitis B virus; HCV = hepatitis C virus; AD = atopic dermatitis; IL-33 = interleukin-33; GDF-15 = growth differentiation factor 15; PBMCs = peripheral blood mononuclear cells; EHI = Early HIV Infection; CHI = chronic HIV infection; ART = antiretroviral therapy; EC = Elite controller; BMI = body mass index; CRP = C-reactive protein; CHC = chronic hepatitis C; SR-HCV = spontaneously resolved HCV; C = controls; HCC = hepatocellular carcinoma; CHB = chronic hepatitis B; IFN = interferon; ELISA = Enzyme-linked immunosorbent Assay; CBA = Cytometric Bead Array; WB = Western Blot; ECG: Echocardiograms; ALT = alanine aminotransferase; AST = aspartate aminotransferase; ACLF = acute on chronic liver failure; IHC = Immunohistochemistry; FC = flow cytometry; qPCR = quantitative polymerase chain reaction.
